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Motile predatory Myxobacteria are producers of
multiple secondary metabolites and, on starvation,
undergo concerted cellular differentiation to form
multicellular fruiting bodies. These abilities demand
myxobacterial genomes to encode sophisticated
regulatory networks that are not satisfactorily un-
derstood. Here, we present two bacterial enhancer
binding proteins (bEBPs) encoded in Myxococcus
xanthus acting as direct regulators of secondary
metabolites intriguingly exhibiting activating and
inhibitory effects. Elucidation of a regulon for each
bEBP enabled us to unravel their role in myxococcal
development, predation, and motility. Interestingly,
both bEBPs are able to interact by forming a
hetero-oligomeric complex. Our findings represent
an alternative mode of operation of bEBPs, which
are currently thought to enhance promoter activity
by acting as homo-oligomers. Furthermore, a direct
link between secondary metabolite gene expression
and predation, motility, and cellular development
could be shown for the first time.
INTRODUCTION
Myxobacteria show a conglomeration of various extraordinary
capabilities and therefore represent a unique order among pro-
karyotes. Besides their predatory lifestyle, their gliding motility,
and their ability to consume rather unusual substrates, produc-
tion of secondary metabolites and their social behavior are of
particular interest. Under starvation conditions, soil-inhabiting
Myxobacteria undergo a complex conversion. Multicellular fruit-
ing bodies are formed in which some of the vegetative cells are
finally transformed into dormant spores, thus enabling survival
of the colony. During the past few decades, in the case of the
model organism Myxococcus xanthus DK1622, this transfor-
mation was the subject of intense investigations and has been
best characterized morphologically and, to some extent, on
the molecular level (Whitworth, 2007; Kaiser et al., 2010).Chemistry & Biology 19, 1447–145Myxobacteria have also come into focus during the recent
past as a rich source of secondary metabolites exhibiting inter-
esting biological activities (Weissman and Mu¨ller, 2009, 2010;
Wenzel and Mu¨ller, 2009). For this, M. xanthus DK1622 is
an impressive example. The genome of M. xanthus DK1622
encodes at least 18 gene clusters encoding putative assembly
lines for the synthesis of natural products (Goldman et al.,
2006). To date, six different structures could be solved, and in
the case of eight secondary metabolites the respective gene
clusters encoding the enzymatic functions involved in biosyn-
thesis could be identified. This includes myxovirescin, myxoche-
lin, myxalamid, myxochromide, DKxanthene, and very recently
myxoprincomide (using improved secondary metabolomics)
(Cortina et al., 2012; Meiser et al., 2006; Gerth et al., 1982;
Jansen et al., 1983; Kunze et al., 1989; Trowitzsch Kienast
et al., 1993). However, the products of most of these gene clus-
ters remain elusive, although many of the corresponding gene
products were detectable in transcriptomic and proteomic anal-
ysis (Bode et al., 2009; Schley et al., 2006). Interestingly, some of
the secondarymetabolites isolated so far play a significant role in
cellular development or in the predatory lifestyle of M. xanthus.
DKxanthenes have been reported to be essential for the forma-
tion of viable spores within fruiting bodies, and myxovirescin
plays a major role in the predatory lifestyle ofM. xanthus (Meiser
et al., 2006; Xiao et al., 2011). Obviously, but not surprisingly,
development, predation, and secondary metabolite production
seem to be linked and coordinated. The need for respective
sophisticated regulatory networks is obvious and also reflected
in the striking number of regulatory functions encoded in the
genome ofM. xanthusDK1622 (Goldman et al., 2006;Whitworth,
2007). This includes a remarkable subgroup of 52 homologs of
bacterial enhancer binding proteins (bEBPs). bEBPs are tran-
scriptional regulators known to enhance transcription outgoing
from regulated promoters in a s54-dependent manner, and in
many cases respond to environmental stimuli (Morett and Sego-
via, 1993; Studholme and Dixon, 2003). In M. xanthus, 18 signal
transduction systems comprising bEBPs that are involved in
development have been identified so far (Giglio et al., 2011;
Whitworth, 2007). Although the exact mode of operation of
secondary metabolites during development and predation is
not yet clear, their obvious interplay with these processes might
provide a hint on how detection and identification of unknown
secondary metabolites that are putatively produced by the ten9, November 21, 2012 ª2012 Elsevier Ltd All rights reserved 1447
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achieved. Knowledge about coordination or regulation of these
processes on various levels, including transcriptional control,
could consequently be used to increase or to induce production
of currently unknown secondary metabolites (e.g., applying em-
pirically different culture conditions or directed genetic manipu-
lation of regulatory functions). Nevertheless, the complex and
interacting regulatory networks obviously responsible for coordi-
nation of development, predation, and secondary metabolite
production call for in-depth analyses. Here, transcriptional re-
gulation is of particular interest since manipulation might be
achieved inmost of the cases by a rather simple deletion or over-
expression of regulatory functions.
Herein, we describe the identification of two bEBP involved in
transcriptional regulation of at least three secondary metabolites
in M. xanthus DK1622. Surprisingly, genetic manipulation of
these bEBPs differentially leads to an increase or a decrease
of secondary metabolite production, depending on the culture
conditions. Moreover, both bEBPs are required for proper devel-
opment. Furthermore, in characterizing bEBPmutants and eluci-
dating a regulon for each bEBP, we illustrate how development,
motility, predation, and secondary metabolite production are
linked on the transcriptional level. Finally, we provide evidence
for an alternative general mode of operation of bEBPs demon-
strating the exceptional mechanisms present in M. xanthus
and used for integration of different regulatory pathways during
coordination of development, motility, and predation.
RESULTS
Identification of DKxanthene and Myxochromide
Promotor Binding Proteins
To date, transcriptional regulators of secondary metabolite
clusters have rarely been described in Myxobacteria (Rachid
et al., 2006, 2007, 2008), and none have been identified in
M. xanthus. To enable manipulation of secondary metabolite
production on the transcriptional level, or to elucidate relations to
other processes like development, predatory behavior, or social
motility, a search for putative transcriptional regulators of
secondary metabolite clusters was performed. DNA fragments
encompassing putative promoter regions of the DKxanthene,
myxochromide, and myxoprincomide gene clusters, as well as
from two ‘‘silent’’ gene clusters (mxan4002, mxan4402), were
generated and, together with a crude lysate of DK1622 M. xan-
thus cells, subjected to DNA-protein pull-down assays (ligand-
fishing). Proteins that bound to the DNA were extracted from
the lysate by this procedure and were subsequently identified
by SDS-PAGE and MALDI-TOF analysis. Two different DNA-
binding proteins could be identified in this procedure either
binding to the putative DKxanthene or myxochromide promoters
(Figures 1A and 1B). In all samples, the subunits of the RNA-poly-
merase core enzyme (a, b, b0; RpoABC) could be found, indi-
cating the applied conditions allowed specific binding of DNA-
binding proteins to promoter regions. HsfA and MXAN4899
(GenBank accession numbers ABF86053 and ABF86809) were
identified, which belong to the group of 52 bEBPs encoded
in M. xanthus DK1622. Both bEBPs contain a s54-interaction
domain needed for interaction with the alternative sigma-factor
s54 and a C-terminal helix-turn-helix domain (HTH) for binding1448 Chemistry & Biology 19, 1447–1459, November 21, 2012 ª2012to DNA (Figure 1C). MXAN4899 contains an N-terminal FHA
(forkhead-associated) domain, which is known to be involved
in protein-protein interactions by recognition of phospho-threo-
nine or phospho-serine residues (Li et al., 2000). HsfA contains
a receiver domain, typical for response regulators of signal-
transducing two-component systems. Interestingly, both pro-
teins are known to be involved in different, but related, important
cellular functions.
MXAN4899 has been found to be essential for correct forma-
tion of fruiting bodies inM. xanthus DK1622 (Jelsbak et al., 2005)
and has recently been described to be part of an unusual
cascade of coregulating bEBPs, involved in the process of entry
into the multicellular developmental program (Giglio et al., 2011).
HsfA has been reported, as part of the two-component signal-
transduction systemHsfA/HsfB, to be involved in the heat-shock
response in M. xanthus DZF1 (Ueki and Inouye, 2002). Intrigu-
ingly, HsfA is a direct transcriptional activator of the heat-
shock-induced protease LonD (BsgA), which is also known to
be essential for fruiting body formation in M. xanthus DK1622
(Tojo et al., 1993; Gill and Cull, 1986; Gill et al., 1988). Whether
HsfA itself is necessary for development in M. xanthus has not
been clarified to date, as construction of inactivation mutants
of hsfA failed in the strain under investigation (Ueki and Inouye,
2002). However, the results of the ligand-fishing experiments
indicated that HsfA and MXAN4899 might be direct transcrip-
tional regulators of the DKxanthene and/or myxochromide clus-
ters. Against the background of the above-mentioned functions
assigned to the two bEBPs, this would demonstrate for the first
time, to the best of our knowledge, a direct transcriptional
linkage of secondary metabolite gene expression and cellular
development processes in Myxobacteria.
HsfA and MXAN4899 Affect Secondary Metabolite
Production and Development
As a first step in our investigations to prove this hypothesis, we
constructed and/or phenotypically characterized inactivation
mutants of both hsfA and mxan4899. MXAN4899 is known to
be essential for fruiting body formation (Jelsbak et al., 2005),
and HsfA might also be involved in this process due to regulation
of the LonD protease, which in turn is essential for development
(Tojo et al., 1993; Ueki and Inouye, 2002). Inactivation mutants
DK1622Dmxan4899 (strain DK12703; Jelsbak et al., 2005) and
DK1622hsfA::kan were compared to the wild-type DK1622 in
growth experiments on both CTT-agar plates andCF-agar plates
for a duration of 120 hr. On CTT-agar, cells are provided with
nutrients and do not enter the developmental program. On CF-
agar, the developmental process is induced due to nutrient limi-
tation, and fruiting body formation should be completed within
this time frame (Hagen et al., 1978). Formation of fruiting bodies
wasmonitored and secondary metabolite production was deter-
mined by high-pressure liquid chromatography mass spectrom-
etry (HPLC-MS) analysis at fixed time points after inoculation.
Characterization of the inactivation mutants compared to
the wild-type under starvation conditions indeed revealed that
both bEBPs are essential for successful formation of fruiting
bodies and viable myxospores (Figures 1D–1F). Thus, an in-
volvement of HsfA in fruiting body formation of M. xanthus
DK1622 could be confirmed. The onset of fruiting body formation
of DK1622hsfA::kan was significantly delayed relative to theElsevier Ltd All rights reserved
Figure 1. Identification of Promotor-Binding Proteins of Secondary Metabolite Gene Clusters and Phenotypic Effects of bEBP Inactivations
(A) SDS-PAGE analysis of elution fractions obtained in DNA-protein pull-down experiments using whole-cell lysates and Dynabeads-coupled DNA fragments
encompassing promoter regions of various secondary metabolite genes. From left to right: Lane 1: PageRuler unstained protein ladder (Fermentas), molecular
weights are given in kilodalton (kDa). Lanes 2–5: Separation of protein obtained using DNA fragments encompassing promoters PdkxBC (DKxanthene cluster),
Pmxan4402 (unknown secondarymetabolite), Pmxan4002 (unknown secondarymetabolite), and Pmxp (myxoprincomide cluster). Relevant proteins identified by
MALDI-MS are framed and named.
(B) SDS-PAGE analysis of an elution fraction obtained in DNA-protein pull-down experiments using whole-cell lysates and a Dynabeads-coupled DNA fragment
encompassing the putative promoter Pmxan4077 (myxochromide cluster). Lane 1: PageRuler unstained protein ladder (Fermentas). Lane 2: Separation of protein
obtained using a DNA fragment harboring promoter Pmxan4077. Relevant proteins identified by MALDI-MS are framed and named.
(C) Domain organization of proteins MXAN4899 and HsfA as determined using the Pfam protein family database (Punta et al., 2012). FHA, forkhead-associated
domain [Pfam PF00498]; s54 act, s54 interaction domain [Pfam PF00158]; REC, response regulator receiver domain [Pfam PF00072]; HTH-AlpA, phage
regulatory protein AlpA family domain [Pfam PF05930]; HTH_8, helix-turn-helix family 8 domain [Pfam PF02954].
(D–F) DK1622 (D); DK1622Dmxan4899 (E), and DK1622hsfA::kan (F); photographs were taken 24 hr, 48 hr, 72 hr, and 120 hr postspotting of 109 cells in 100 ml
TPM-buffer on CF-agar plates during cultivation at 30C.
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fruiting bodies was severely reduced and no viable myxospores
were produced. These observations are consistent with effects
observed previously in lonD (bsgA) mutants (Gill and Cull,
1986; Gill et al., 1988; Tojo et al., 1993). This indicates, as lonD
is under the transcriptional control of HsfA (Ueki and Inouye,
2002), that HsfA might influence initiation of development via
regulation of lonD transcription. DK1622Dmxan4899 exhibited
the developmental defects already reported previously, includ-
ing formation of irregular aggregates with reduced compactness
and density, as well as an effect of enlargement of the aggre-
gates in later stages of development and counts of viable spores
decreased by two orders of magnitude (Figure 1E) (Jelsbak et al.,
2005).
The observed defects in development become even more
substantial for our hypothesis that MXAN4899 and HsfA are
a direct link between secondary metabolite gene expression
and development with respect to the effects on secondary
metabolite production in the bEBP inactivation strains (Figure 2).
The inactivation of mxan4899 or hsfA resulted in altered produc-
tion of DKxanthene andmyxochromide, supporting the assumed
role of the bEBPs in transcriptional regulation of these clusters.Chemistry & Biology 19, 1447–145Significant changes could be observed during almost the whole
period of incubation and were clearly visible under starvation
conditions (CF-agar, Figures 2D and 2E) and under a full supply
of nutrients (CTT-agar, Figures 2G and 2H). In DK1622Dmxan
4899, amounts of DKxanthene were increased up to 24-fold
and 9-fold under starvation and on CTT-agar, respectively.
This finding is unexpected because bEBPs are commonly known
as ‘‘enhancers’’ of transcription. Nevertheless, in DK1622Dmxan
4899 we observe an opposite effect on production. In contrast,
quantities of myxochromide were decreased (up to 0.09-fold
under starvation and up to 0.02-fold on CTT-agar), whereby
myxochromide could not be detected during the first 48 hr (Fig-
ure 2H). Inactivation of hsfA led to an increase of DKxanthene
and myxochromide production under every applied condition
(Figures 2D, 2E, 2G, and 2H). In the case of DKxanthene, the
effects were not as extreme as in the case of DK1622Dmxan
4899 (up to 9-fold under starvation but less than 2-fold on
CTT-agar). However, in the case of myxochromide, effects
were quite pronounced (up to 41-fold under starvation and
up to 234-fold on CTT-agar). Again, an increase of production
could be observed as a consequence of a bEBP inactivation
(HsfA). Intriguingly and in contrast to this, HsfA has already9, November 21, 2012 ª2012 Elsevier Ltd All rights reserved 1449
Figure 2. Consequences of bEBP Inactivation on Secondary Metabolite Production
(A) From top to bottom: Chemical structures of DKxanthene 534, myxochromide A2, and myxovirescin A1.
(B) Identification of secondarymetabolites by HPLC-MS analysis shown exemplarily formyxovirescin A1.Main ionswere identified according to the characteristic
retention time of the pure substance in the EIC (extracted ion chromatogram, left), confirmed by the specific MS2 fragmentation pattern (right) and respective
peaks integrated on the EIC using the QuantAnalysis v1.7 software (Bruker Daltonik GmbH. I, intensity.A, mother ion.
(C) Quantities observed of DKxanthene 534 (DKx), myxovirescin A1 (Myv), andmyxochromide A2 (Mchr) after 72 hr of cultivation in liquid CTT-medium. Quantities
of the secondary metabolites in DK1622, DK1622Dmxan4899, and DK1622hsfA::kan are expressed as integrated area related to the protein content (intensity *
mg protein1). Ordinate is given in log-scale. Calculated standard deviations are shown as error bars.
(D–I) Relative quantities of secondarymetabolites in DK1622, DK1622Dmxan4899 and DK1622hsfA::kan when grown on solid CTT- or CF-agar (DKxanthene 534:
DKx, myxovirescin A1: Myv, and myxochromide A2: Mchr). Quantities are expressed as under (C). Ordinate is given in log-scale. Calculated standard deviations
are shown as error bars. Black circle, DK1622; red aquare, DK1622Dmxan4899; green triangle, DK1622hsfA::kan; *, no target compound detectable. Dashed
lines mark the end of the first 24 hr of cultivation, which were not considered due to possible adaptation effects.
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lonD expression (Ueki and Inouye, 2002).
Secondary metabolite quantification revealed that the inacti-
vation of HsfA orMXAN4899 also influenced production of a third
known metabolite, namely myxovirescin (Gerth et al., 1982)
(Figures 2F and 2I). As myxovirescin is involved in predation,
this suggests that both bEBPs influence the predatory lifestyle
of M. xanthus. Under starvation conditions, yield was increased
similarly in both mutants up to 8-fold (Figure 2F). DK1622hsfA::1450 Chemistry & Biology 19, 1447–1459, November 21, 2012 ª2012kan also exhibited this effect on CTT-agar (up to 6-fold, Fig-
ure 2I). DK1622Dmxan4899 exhibited an effect on myxovirescin
production (decreased amount), which would be expected in an
inactivation mutant of an ‘‘enhancer’’ binding protein. However,
this effect was dependent on the time point postinoculation
because production initially equalized and finally outnumbered
wild-type production (24 hr, 120 hr, Figure 2I). Taken together,
the results show that HsfA and MXAN4899 affect secondary
metabolite gene expression and development in M. xanthus.Elsevier Ltd All rights reserved
Figure 3. Interaction of MXAN4899 or HsfA
with Promotor Regions of Secondary
Metabolite Genes
(A) Scheme of the intergenic regions in Myx-
ococcus xanthus DK1622 (GenBank accession
number CP000113) harboring the promoters
under investigation of the DKxanthene- (top), the
myxovirescin- (middle) and the myxochromide-
(bottom) gene clusters. Genes are named as
annotated in the DK1622 genome. Transcriptional
start sites determined by 50-RACE analysis are
marked by buckled arrows and marked as +1.
Regions amplified and used as fluorescently
labeled DNA fragments for EMSA analysis are
marked with black bars or a white bar in the case
of the negative control (fdkxC, ftaA, f4077, and
fctrl). Primers used for construction of the frag-
ments are listed in Table S3.
(B) Results of EMSAs with (+) or without () co-
incubation of MXAN4899 (25 mM) and the
respective DNA fragments encompassing pro-
moters PtaA, Pmxan4077, PdkxC, or the negative
control. Shifted protein-DNA complexes are
marked by black arrowheads.
(C) Results of EMSAs with (+) or without () co-
incubation of HsfA (25 mM) and the respective
DNA fragments encompassing promoters PtaA,
Pmxan4077, PdkxC, or the negative control.
Shifted protein-DNA complexes are marked by
black arrowheads. Detection and localization of
the DNA-binding sites and identification of most
essential residues involved in binding to HsfA or
MXAN4899 is depicted in Figures S1, S3, and S7.
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latory effect on respective functions of these processes, which
was at this time point only shown for regulation of lonD by
HsfA (Ueki and Inouye, 2002).
HsfA and MXAN4899 Act as Direct Regulators of
SecondaryMetabolite Genes, Exhibiting Both Activating
and Inhibiting Effects
Our findings strongly suggested that HsfA and MXAN4899
might be direct regulators of both developmental processes
and secondary metabolite production. To clarify this, we aimed
to determine if HsfA and MXAN4899 directly and specifically
bind to the putative promoter regions of the DKxanthene, myxo-
chromide, and myxovirescin clusters. This could be considered
as a proof at least in the case of HsfA, as direct HsfA-mediatedChemistry & Biology 19, 1447–1459, November 21, 2012 ªregulation of lonD, which is essential
for development, was shown previously.
Electrophoretic mobility shift assays
(EMSAs) using purified HsfA and
MXAN4899 and PCR fragments com-
prising the putative promoter regions of
the clusters (Figure 3; Figures S1 and S2
available online) enabled us to show
specific interaction of HsfA to the
putative promoters (P) of genes dkxC
(DKxanthene), taA (myxovirescin), and
mxan4077 (myxochromide). A respectiveretardation of the DNA fragment in the presence of HsfA
could be observed in each case (Figure 3C). Thus, HsfA indeed
seems to be a direct regulator of expression of secondary
metabolite genes and genes involved in development (lonD).
For MXAN4899 we could show direct binding in the case of
PtaA and Pmxan4077 (Figure 3B). We were able to determine
transcriptional starts of dkxB and dkxC (both belong to the
DKxanthene cluster) and taA but notmxan4077when performing
50 rapid amplification of cDNA ends (RACE) analysis (Figure S3)
to ensure promoters are located on the DNA fragments used.
Promotor activities of PdkxC, PtaA, and Pmxan4077 determined
in all strains using promoter-lacZ fusions to verify direct regula-
tion in vivo matched broadly to the observed change of amounts
of secondary metabolites in the strains except in some cases
within the first 24 hr postinoculation, which might be due to2012 Elsevier Ltd All rights reserved 1451
Figure 4. Effects of Manipulation of mxan4899 and hsfA on Promotor Activity of PdkxC, PtaA and Pmxan4077
Activity of the promoters in DK1622, DK1622Dmxan4899, DK1622hsfA::kan, DK1622attB::mxan4899, and DK1622attB::hsfA at distinct time points when grown
on solid CTT- or CF-agar and in liquid CTT (in the case of PtaA) are shown. Activity of promoters was calculated as b-galactosidase activity expressed in
picomoles of 4-methylumbelliferone released per minute per milligram of protein. Calculated standard deviations are shown as error bars. Black circle, DK1622;
red square, DK1622Dmxan4899; green square, DK1622hsfA::kan; blue square, DK1622attB::mxan4899 (A, B, and C) or DK1622attB::hsfA (D, E, and F); yellow
triangle, activity of promoters bearing amutated binding site of MXAN4899 or HsfA. DK1622PdkxCmut (D), DK1622PtaAmut4899 (C), or DK1622PtaAmuthsfA (F).
Dashed lines mark the end of the first 24 hr of cultivation, which was not considered due to possible adaptation effects. Specific DNA-protein interaction was
confirmed for each promoter in EMSA experiments (Figure S2).
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lites were increased or decreased compared to the wild-type,
this was also true for the activity of the respective promoters.
In addition, activating and inhibitory effects of MXAN4899
became clearly visible in the case of myxovirescin (Figures 4C
and 4I). The findings strongly supported our hypothesis that
HsfA and MXAN4899 are direct regulators of secondary metab-
olite gene expression. To confirm this, activity of all promoters
was tested on CF-agar in strains DK1622attB::mxan4899 and1452 Chemistry & Biology 19, 1447–1459, November 21, 2012 ª2012DK1622attB::hsfA (derivatives of DK1622Dmxan4899 and
DK1622hsfA::kan bearing a complementation of mxan4899 or
hsfA in trans) (Figures 4A–4F). In almost every case, complemen-
tation of both hsfA andmxan4899 either led to a partial/complete
restoration of promoter activity or to an effect contrary to those
observed after inactivation of mxan4899 and hsfA. In case of
PtaA, complementation of both mxan4899 and hsfA led to an
‘‘oscillating effect’’ resulting in a lower or higher activity than in
wild-type cells depending on the time point. In addition to this,Elsevier Ltd All rights reserved
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within the promoter regions (strains DK1622PdkxCmut, DK1622
PtaAmut4899, and DK1622PtaAmuthsfA) in each case led to
a decreased activity in vivo (Figures 4C, 4D, and 4F). Taken
together with the EMSA experiments indicating specific binding
in vitro, this reveals that HsfA is a direct regulator of all three gene
clusters and MXAN4899 is a direct regulator of the myxochro-
mide and the myxovirescin cluster.
In the case of HsfA, this finally proved a direct link between
secondary metabolism and development. The effects on activity
of promoter PtaA also revealed regulation of myxovirescin and
thereby predation.
Activating and inhibitory effects on secondary metabolite
production and promoter activities in DK1622Dmxan4899 could
be observed during our investigations. MXAN4899 indeed
seems to be able to act as both activator and inhibitor, an
unusual finding for bEBPs. MXAN4899 activates or inhibits
myxovirescin production or promoter activity (depending on
time point and culture condition), activates myxochromide pro-
duction and promoter activity, and inhibits DKxanthene pro-
duction and promoter activity (Figures 2 and 4). HsfA inhibits
DKxanthene, myxochromide, and myxovirescin production and
promoter activities. Secondary metabolite production of the
mutants when grown in liquid CTT confirmed the dual effect of
MXAN4899 and revealed a similar role for HsfA (Figure 2C).
Regarding DKxanthene, in DK1622hsfA::kan production is de-
creased 7-fold, which is not the case on solid CTT-agar. In the
case of myxovirescin, the amount is decreased 3-fold compared
to the wild-type instead of an increase observed when grown on
CTT-agar. However, myxochromide exhibited changes com-
pared to the wild-type as seen before on CTT-agar. Determina-
tion of activity of PtaA in liquid CTT also confirmed the dual effect
for HsfA (Figure 4J). In contrast to growth on CTT-agar, activity
of PtaA was significantly decreased instead of increased in
DK1622hsfA::kan.
Secondary Metabolite Production, Development,
Predation, and Gliding Motility Are Coordinated on the
Transcriptional Level
It had been reported that HsfA is directly connected to develop-
ment via regulation of lonD (bsgA) (Ueki and Inouye, 2002).
Despite the fact that we could show HsfA and MXAN4899
directly regulate transcription of genes of three secondary
metabolite clusters and despite the previous findings of the
involvement of MXAN4899 in development (Jelsbak et al.,
2005), it was still questionable howMXAN4899 influences devel-
opment on the molecular level. We aimed to clarify this question,
and therefore decided to elucidate the regulon of MXAN4899. In
parallel, we also aimed to determine the DNA-binding site of
HsfA in regions of promoters known to be regulated according
to our own or previous studies and in strain DZF1 (Ueki and In-
ouye, 2002). Knowledge of the exact position of the DNA-binding
sites of both MXAN4899 and HsfA, especially within promoter
regions regulated by both bEBPs, would lead to a more detailed
picture of the regulatory mechanisms. To address this question,
we first determined the DNA binding sites of MXAN4899 and
HsfA in the promoter regions of taA, dkxB, dkxC, and mxan4076/
mxan4077. This was achieved by performing EMSAs succes-
sively narrowing down binding regions (Figure S7), and finallyChemistry & Biology 19, 1447–145determining the most essential residues involved in binding to
DNA (Figure S1). For MXAN4899, we identified a pattern of
essential residues at PtaA and used the resulting sequence to
screen for additional putative binding sites in the genome of
DK1622. Identification of most essential residues for binding
was repeated with a sequence hit obtained by this screen within
the putative promoter region of mxan0552, a gene encoding
a serine-threonine protein kinase (STPK; Figure S1B). Binding
of MXAN4899 to this region was confirmed in vitro by EMSA
prior to this procedure (Figure S2A). A preliminary consensus
sequence (50-ATTCCCA [5n] TAAGAAA-30 Figure S1I) was
subsequently used to identify additional hits in the genome
in silico. Finally, these hits were confirmed or excluded by
verification of binding of MXAN4899 performing EMSA (Fig-
ure S2). Altogether we could identify 11 additional hits in putative
promoter regions exhibiting patterns very similar to the pre-
liminary consensus sequence and confirm specific binding of
MXAN4899 in ten cases. This included four intergenic regions
each harboring a putative dual promoter system of the sur-
rounding divergently encoded genes (Figure S6A). One of these
putative dual promoter systems belongs to genes mxan_1608
and mxan_1609. These genes are located directly upstream
of mxan_1607, which encodes a nonribosomal peptide syn-
thetase of one of the so-called silent secondary metabolite clus-
ters in M. xanthus DK1622. To confirm regulation in vivo, we
carried out b-galactosidase assays using promoter-lacZ fusions
comprising the respective putative promoter regions and were
able to confirm regulation in each case by showing significantly
altered promoter activities when DK1622Dmxan4899 and
DK1622 wild-type were grown under starvation conditions or
on CTT-agar (Figures S4 and S5). In total, 16 promoters could
be shown to be regulated by MXAN4899 in addition to PtaA by
this procedure (see also Figure S6A). The DNA-consensus
sequence for binding of MXAN4899 could be determined to be
ATTCTCA (5n) TGAGAAT (Figure 5A). Intriguingly, it turned out
to be a nice control of the procedure, that Pmxan4077 (the myx-
ochromide promoter) was one of these regulated promoters
identified in this procedure and two binding sites in the dual
promoter system Pmxan4076/mxan4077 could be confirmed
by the experiments (Figure S3). More interestingly, two of these
promoters (PpilA and PagmQ) belong to genes whose products
are known to be involved in motility and/or development of
M. xanthus DK1622. Mutations introduced into the respective
DNA-binding sites of MXAN4899 at these promoters led to
decreased promoter activities (Figures S4B and S4C). In case
of PpilA, inactivation of mxan4899 led to increased promoter
activity after 48 hr of development and at any time point on
CTT-agar. Complementation of mxan4899 in a Dmxan4899
background resulted in decreased promoter activity during
the first 48 hr and increased promoter activity after 48 hr of
development (Figure S4B). In the case of PagmQ, inactivation
of mxan4899 led to an increased promoter activity during devel-
opment and to a partially increased activity on CTT-agar (Fig-
ure S4C). Thus, we could show that secondary metabolite
production is not only linked to development via HsfA and its
regulation of lonD, but also via MXAN4899 and its regulation of
pilA and agmQ, two components known to be involved in devel-
opment and/or motility (Youderian and Hartzell, 2006; Bonner
et al., 2006).9, November 21, 2012 ª2012 Elsevier Ltd All rights reserved 1453
Figure 5. Consensus Sequences for DNA Binding
Consensus sequences for DNA binding of MXAN4899 (A) and HsfA (B). Consensus sequences were obtained by alignment of the sequences of DNA fragments
that specifically bound either MXAN4899 or HsfA in EMSA experiments (Figure S2) and that are situated within promoter regions shown to be regulated by the
bEBPs (Figures 4, S4, and S5). Residues present at the same position in more than 50% of all aligned sequences were incorporated into the consensus sequence
(residues highlighted in gray). Residues in the resulting consensus sequences that were shown to be involved in binding by EMSA experiments are marked by
asterisks (Figure S1). Names of DNA sequences correspond to the respective (putative) promoter regions. Subdivision by numbers or letters is in accordancewith
multiple binding sites within one promoter region and is in coincidence with the numbering of the DNA fragments used in the respective EMSA experiments.
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sites within the promoter regions of dkxC, lonD, hsfBA, taA, and
mxan4077 again performing EMSA using purified HsfA (Figures
3, S1, and S2). In the case of the promoter of hsfBA, this sug-
gested an autoregulation of HsfA, a finding that is common for
two-component regulatory systems (Laub and Goulian, 2007).
Within the promoter region of hsfBA and mxan4077, two binding
sites of HsfA could each be identified. At PlonD one binding site
and at PdkxB/C and PtaA again three binding sites could be
identified or narrowed down (Figure S3). The derived consensus
sequence is GGGTC (6n) GACCC (Figure 5B). Based on this
finding and promoter activities shown in this study and previ-
ously in strain DZF1, we consider dkxBC, lonD, hsfAB, taA,
and mxan4076/mxan4077 as the core regulon of HsfA (Fig-
ure S6B) A screen for additional binding sites within the genome
remains to be performed, but was not in the focus of this work.
HsfA and MXAN4899 Exhibit a New Mode of bEBP
Operation: Hetero-oligomerization
So far, we could show that HsfA is a direct regulator of secondary
metabolite gene expression and development. Furthermore,
MXAN4899 could also be identified as a direct regulator of
secondary metabolite gene expression. In addition to this,
MXAN4899 directly regulates motility genes (genes pilA and
agmQ) and through this is also linked to development (Whit-
worth, 2007). Nevertheless, questions arising from three findings
of our work had to be addressed. First, it is an unusual finding
that more than one bEBP regulates the same promoter (like in
the case of PtaA and Pmxan4077), although this has been shown
recently for other bEBPs in M. xanthus DK1622 (Giglio et al.,
2011). Second, how might it be possible that bEBPs act as an
activator and also as an inhibitor? Third, why did we detect an
effect on DKxanthene production and activity of PdkxC in
DK1622Dmxan4899 and DK1622attB::mxan4899 similar to that
in DK1622hsfA::kan and DK1622attB::hsfA without the need
for binding of MXAN4899 to the promoter of dkxC? We hypoth-
esized that at least a partial answer is that bEBPs most likely
interact with targets in different physical states: MXAN48991454 Chemistry & Biology 19, 1447–1459, November 21, 2012 ª2012contains an FHA domain known to be involved in protein-protein
interactions by binding to phospho-threonine or phospho-serine
residues (Li et al., 2000). Thus, to date unknown proteins could
interact with MXAN4899 depending on their phosphorylation
status and lead to activating or inhibiting effects as observed in
our studies. HsfA is a response regulator that is known to be
phosphorylated by HsfB, the cognate histidine-kinase (Ueki
and Inouye, 2002). Response regulators usually exhibit different
binding abilities dependent on the phosphorylated or nonphos-
phorylated form, which might be a reason for a dual function
as inhibitor or activator, like observed during our work (Gao
and Stock, 2009). Nevertheless, because we could not observe
any change in binding of HsfA to the promoters of the HsfA core-
regulon when preincubated with purified HsfB kinase (as shown
in the case of PlonD previously by Ueki and coworkers) and puta-
tive protein partners of MXAN4899 remained unknown, we
focused on the fact that HsfA and MXAN4899 bind to and
coregulate two promoters (PtaA and Pmxan4077). In addition,
MXAN4899 does not bind to PdkxC, although we observed
similar effects on DKxanthene production and PdkxC activity in
inactivation mutants of hsfA and mxan4899 or in the respective
complementation in trans. It has been shown previously for other
types of regulators that different proteins are able to bind coop-
eratively to DNA when forming heterocomplexes (Mittal and
Kroos, 2009a). We thus elucidated if we can observe changes
in binding to the two coregulated promoters in presence of one
and two bEBPs using HsfA and MXAN4899 in EMSA experi-
ments. In the case of PtaA,we could indeed observe a supershift
of the DNA-fragment in presence of both bEBPs (band C)
besides the bands observed in the presence of only one bEBP
(bands A1–A3 and B, Figure 6A). This indicated binding of both
bEBPs to the DNA as expected due to their binding sites as
previously identified. However, observations made in the case
of Pmxan4077 seemed intriguing (Figure 6B). In presence of
both bEBPs, all bands observed in the presence of HsfA alone
were shifted to a certain extent (bands C1–C3), which was not
the case for PtaA (bands B1–B3). This finding seemed rather
unusual as we expected a pattern resembling the one of theElsevier Ltd All rights reserved
Figure 6. Interaction of MXAN4899 and
HsfA
(A–C) Results of EMSAs without () and in pres-
ence of one bEBP or both bEBPs (+) using the
respective DNA fragments encompassing pro-
moters PtaA (A), Pmxan4077 (B), and PdkxC (C)
are shown. bEBPs were added to a final con-
centration of 25 mM each. In this analysis the
same fragments were used as shown in Figure 3.
Shifted protein-DNA complexes are marked by
black arrowheads and labeled (e.g., A1). Com-
plexes A1 to A3: Bands observed in presence of
MXAN4899. Complexes B, B1 to B3: Bands ob-
served in presence of HsfA. Complexes C, C1
to C3: Bands observed in presence of both
MXAN4899 and HsfA.
(D) Result of the protein-protein interaction studies
of MXAN4899 and HsfA using surface plasmon
resonance (SPR). A representative result out of
a series of triplicates is shown. MXAN4899 was
used as the bait ligand and HsfA as the prey an-
alyte. BSA (Fluka 05480) was used as a negative
control. HsfA or BSA was perfused over the
reference channel and over the detection channel
followed by SPR buffer. Binding and dissociation
was measured in real time. Referenced and
blanked response units (RU) were scaled by the
analyte’s molecular weight (MW) and are ex-
pressed in 100 RU per MW on the y axis. Time is
depicted on the x axis in seconds. Concentrations
of HsfA and BSA are given in square brackets.
(E) Result of the protein-protein pull-down assays
using SUMO-6xHis-MXAN4899 as bait and HsfA
or the bEBP MXAN3952 (negative control) as
prey. SUMO-6xHis-MXAN4899: 62.9 kDa, HsfA:
53.6 kDa, MXAN3952: 58.3 kDa. Proteins are
marked with arrows. FT, flow through. Ladder
(from top to bottom [kDa]): 120, 100, 85, 70, 60,
50. In a first experiment (left panel), SUMO-
6xHis-MXAN4899 was coincubated with HsfA or
MXAN3952 in the presence of Ni NTA Superflow
resin. After a washing step the eluates were ob-
tained using buffer containing 500 mM imidazole
and analyzed on SDS PAGE compared to the
protein fractions used. A second experiment (right
panel) demonstrated the occurrence of HsfA in
the eluate only at coincubation with SUMO-6xHis-
MXAN4899. Marked bands were excised and
analyzed by MALDI-MS in order to confirm the
nature of the visible proteins.
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are thought to act as homo-oligomeric complexes (Schumacher
et al., 2006), this pattern could suggest that a hetero-oligomeric
complex is formed here. This assumption could explain the
observation that every band present is shifted to a certain extent
due to differences in the molecular weight of the two bEBPs
and/or different amounts of monomers involved in complex
formation. However, this assumption could not be proved using
this analysis. An equal EMSA analysis was performed with the
DNA fragment encompassing PdkxC. Here, the same result
was obtained as shown in Figure 3B when only one bEBP was
present. HsfA bound to the DNA (band B) and MXAN4899 did
not (Figure 6C). In the presence of both bEBPs, two supershifts
became visible (bands C1–C2, Figure 6C). We can only explainChemistry & Biology 19, 1447–145this finding by assuming a direct interaction between HsfA
and MXAN4899, which results in a hetero-oligomeric complex
bound to the DNA. In order to verify this hypothesis using inde-
pendent experimental approaches, we decided to perform
a protein-protein pull-down experiment and an interaction study
using surface plasmon resonance (SPR). For the pull-down ex-
periments, purified SUMO-6xHis-MXAN4899 was coincubated
with either HsfA or MXAN3952 (another bEBP encoded in
M. xanthus, which was used as a negative control) and subse-
quently immobilized to Ni-NTA Superflow resin (QIAGEN) on
a batch column. After intense washing, flow through and eluate
were analyzed by SDS PAGE (Figure 6E). Finally, the bands
were excised from the gel and subjected to MALDI-TOF
analysis in order to confirm the nature of the visible proteins.9, November 21, 2012 ª2012 Elsevier Ltd All rights reserved 1455
Figure 7. Interlock of Secondary Metabolite Production, Motility, Development, and Predation in Myxococcus xanthus DK1622
An overview of the regulatory network controlled byMXAN4899 andHsfA and the influence on four phenotypic characteristics ofM. xanthusDK1622 is illustrated.
The bEBPsMXAN4899 and HsfA are encircled with ellipses. Arrows indicate a direct transcriptional regulation by the respective bEBP and point toward the name
of the target genes as annotated inM. xanthus DK1622. Cooperative binding of MXAN4899 and HsfA to regulate transcription of PdkxC is indicated by tangent
bEBPs. Known influences of products of the regulated genes on one of the four boxed phenotypic characteristics are indicated by lines. Genes encoding for
proteins involved in secondary metabolite production are taA (myxovirescin), dkxBC (DKxanthene), andmxan4077 (myxochromide). Genes encoding for proteins
probably involved in secondary metabolite production due to their direct neighborhood to polyketide-synthase genes or NRPS genes are mxan4076 (myx-
ochromide) and mxan1608 (unknown secondary metabolite). agmQ, gene of adventurous gliding motility protein AgmQ (putative peptidase); pilA, gene of
structural subunit of type IV pilin; lonD, gene of heat-shock induced protease BsgA; hsfB, gene of sensor histidine-kinase HsfB; mxan0552, gene of a putative
serine-threonine protein kinase (STPK). The genetic organization of these genes is also depicted in Figure S6. Photographs in the background (left to right): Colony
ofMyxococcus xanthusDK1622 (top left) predating a colony of E. coli DH10B; fruiting bodies ofM. xanthusDK1622 (bottom right) surrounded by swarming cells;
fruiting bodies of M. xanthus DK1622 with rippling cells in intermediate spaces.
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the occurrence of both proteins in the eluate. This was not
the case when SUMO-6xHis-MXAN4899 was coincubated with
MXAN3952. Neither did we find HsfA or MXAN3952 in the eluate
when no coincubation with SUMO-6xHis-MXAN4899 was per-
formed prior to the analytical procedure.
For the SPR experiment, purified MXAN4899 was covalently
immobilized (bait ligand) and HsfA was used as the prey analyte.
As a negative control, an equal concentration of bovine serum
albumin (BSA) was used as the prey analyte in a parallel attempt.
This complementary study revealed that MXAN4899 and HsfA
indeed are able to undergo a specific interaction as can be
seen by the increase of response units detected under the
SPR conditions chosen (Figure 6D). Using BSA, no interaction
could be observed. The calculated dissociation constant KD
using Srubber v2.0a (BioLogic Software Pty Ltd) was 530 nM.
Taken together with the result of the protein-protein pull-down
experiments and the EMSA analysis in presence of both bEBPs,
this analysis confirms that HsfA and MXAN4899 are able to
form a hetero-oligomeric complex that binds to DNA. To our
knowledge, this is an unprecedented finding and might extend
significantly the importance of the 52 bEBPs encoded in the
M. xanthus DK1622 genome for regulation of different pathways
during coordination of development, motility, and predation.
Independent of this conclusion, the finding extends the possi-
bilities for interpretation of the observed effects on promoter1456 Chemistry & Biology 19, 1447–1459, November 21, 2012 ª2012activities and secondary metabolite production in HsfA and
MXAN4899 inactivation mutants.
DISCUSSION
In this study, we present data revealing a tight regulatory inter-
lock of secondary metabolite production, motility, development,
and predation in M. xanthus DK1622. Such a direct link on the
transcriptional level has been proposed for the light inducible
regulator of carotenogenesis and fruiting body formation in
M. xanthus, CarD (Galbis-Martı´nez et al., 2004; Nicola´s et al.,
1994). Our data demonstrate coupling of these processes and
illustrate crosslinkages on the transcriptional level (Figure 7).
Two transcriptional regulators, the bEBPs MXAN4899 and
HsfA, play a central role in the network. MXAN4899 is involved
in regulation of predation, development, and both forms of
motility in M. xanthus (A- [adventurous] and S- [social] motility;
Whitworth, 2007). This is achieved either by direct transcriptional
regulation of secondary metabolite gene expression (taA, myxo-
virescin, and dkxBC, DKxanthene) or by direct transcriptional
regulation of functions known to be involved in one of these
processes (pilA and agmQ). Here, at least in the case of the
dual promoter system dkxB/C, MXAN4899 acts as a hetero-
oligomeric complex together with HsfA. The involvement of myx-
ovirescin and DKxanthene in predation and development, and
PilA and AgmQ in S-motility and A-motility, has been shownElsevier Ltd All rights reserved
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Whitworth, 2007; Bonner et al., 2006; Xiao et al., 2011). In the
case of HsfA, development and predation are likewise influenced
either by direct regulation of secondary metabolite gene expres-
sion (taA and dkxB/C) or by transcriptional regulation of genes
preliminarily shown to be involved in one of the processes
(lonD, development; Tojo et al., 1993). In addition to this, hsfA
seems to be subjected to autoregulation as HsfA binds to
promoter PhsfBA. However, it remains to be elucidated if the
phenotypic effects regarding predation, motility, and develop-
ment observed in both bEBP inactivationmutants are exclusively
due to the altered transcriptional regulation of the genes de-
picted in Figure 7. Additional mechanisms of interference with
predation, motility, and development of both bEBPs might be
possible. This is especially likely as the entire regulon of HsfA
remains elusive. On the other side, both bEBPs might undergo
interactions with additional proteins in order to influence tran-
scription of additional unknown target genes. In particular the
role of MXAN4899 requires further investigation because it
contains a FHA-domain, indicating potential for further protein-
protein interactions such as the one with HsfA as shown in this
work. Interaction with additional proteins is highly probable
because inactivation of both bEBPs led to different effects on
promoter activity compared to the effects resulting from the
mutation of their DNA-binding sites (Figures 4 and S4). We think
mutation of binding sites is, in this special case, not equal to
inactivation of the bEBP encoding gene. This would be true if
a rather classic mechanism of regulation is involved: one regu-
lator binds to a DNA-binding site, where the regulator is not
affected by cofactors, interaction partners, or modifications
(e.g., phosphorylations). We could show interaction between
HsfA and MXAN4899. We hypothesize the effects on promoter
activity could be based on, and explained by, a titration effect
of MXAN4899 and HsfA depending on a tight ratio of both
proteins. Inactivation of mxan_4899 prevents both interaction
of MXAN4899 with HsfA and binding of MXAN4899 to its DNA-
binding site. As a consequence, a higher amount of free HsfA
should bind to DNA and thus activate or inhibit (promoter depen-
dent). In parallel, direct activation and inhibition dependent on
free MXAN4899 would be disabled. A third effect surely plays
a significant role in this context: It has been shown previously
that HsfA can be phosphorylated and as a consequence at least
exhibits altered affinity to DNA. Complementation in trans should
lead to and, in most of the cases, led to a (partial) relief or oppo-
site effect on promoter activity. Mutation of theMXAN4899 DNA-
binding site should only prevent binding to DNA but not interac-
tion with HsfA. The ratio of MXAN4899 and HsfA, as well as
binding of HsfA to DNA, should not be affected. Possibly under
the influence of additional unknown binding partners and modi-
fications (e.g., phosphorylation), this could result in a decrease of
promoter activity like observed in this study. Similar conse-
quences could be true for inactivation or complementation of
hsfA and mutation of HsfA DNA-binding sites. However, these
complex effects require more work to be adequately explained.
Currently, our results lead to the network depicted in Figure 7,
which will serve as a basis for further investigations addressing
these issues. Noteworthy, as shown here, both bEBPs directly
regulate the dual promoter system mxan4076/mxan4077 and
therefore also the production of the lipopeptide myxochromide.Chemistry & Biology 19, 1447–145Although the physiological role of myxochromide is not yet
understood, this finding suggests that this secondary metabolite
might play a role in one of the processes mentioned above
as well. In addition to this, MXAN4899 regulates transcription
of genes that are directly encoded upstream of mxan1607
(mxan1608 and mxan1609) encoding a nonribosomal peptide
synthetase (NRPS) connected to a so-called silent secondary
metabolite clusters. Very recently, small amounts of a compound
made by this NRPS could be identified by HPLC-MS analysis of
respective inactivation mutants, although the chemical structure
elucidation remains to be performed (Cortina et al., 2012). The
biosynthetic gene cluster is not characterized yet, but experi-
ments in our laboratory showed that MXAN1608 is involved in
biosynthesis of the above-mentioned compound (not shown).
Thus, MXAN4899 is a direct regulator of four instead of three
secondary metabolites linking expression of the respective
genes to important cellular processes like development. Finally,
MXAN4899 directly regulates transcription of several additional
genes (mxan-numbers 0552, 2760, 5013, 6218, 6219, 6265,
6266, and 7407; Figure 7). Although involvement of these genes
in predation, motility, development, or secondary metabolite
production is questionable, they might influence these pro-
cesses and should be subjected to further analyses.
By manipulating genes encoding regulatory proteins, we were
able to significantly influence secondary metabolite production
and could achieve first evidence that at least MXAN4899 is
involved in the production of a fourth not-yet-characterized
secondary metabolite (see above). Overall, our results reveal
a powerful approach to identify regulatory networks influencing
production of (formerly unknown) secondary metabolites, the
expression of which could be induced to enable their chemical
characterization. We could show that depending on conditions
chosen, HsfA and MXAN4899 are both activators and inhibitors
and coregulate the same promoters. This observation could
be explained either by different posttranslational modification
states of the proteins, by the presence or absence of additional
interaction partners (e.g., s54), or by the ratio of MXAN4899 and
HsfA in the cells. Clearly, more work is required to clarify this
question.
The striking observation of hetero-oligomerization of bEBPs to
regulate a promoter activity has not been described previously,
to the best of our knowledge. It is known, however, for other
types of regulators (Mittal and Kroos, 2009a, 2009b). Despite
the pending questions, the intriguing findings reported here
provide, to our knowledge, new ways of interpretation in the
elucidation of complex regulatory networks. They significantly
extend our knowledge of regulation of secondary metabolite
gene expression inMyxobacteria in general, andmay be amodel
for regulatory processes in other bacteria as well.
SIGNIFICANCE
Myxobacteria have come into focus as a rich source of
secondary metabolites exhibiting interesting biological ac-
tivities. An impressive example is given byMyxococcus xan-
thus, whose genome harbors at least 18 gene clusters that
encode putative assembly lines for the synthesis of natural
products. However, the products of most of these gene
clusters remain elusive, so the potential of these unknown9, November 21, 2012 ª2012 Elsevier Ltd All rights reserved 1457
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drug leads cannot be assessed. These unknown natural
products might also play significant roles in coordination
of a variety of processes related to the social lifestyle of
Myxobacteria. Knowledge regarding the underlying regula-
tory networks could thus significantly increase access to
novel interesting lead structures. In this study we introduce
two bacterial enhancer binding proteins (bEBPs) as tran-
scriptional regulators of at least four (known and unknown)
secondary metabolites in M. xanthus DK1622 and prove
production titers can be upregulated several hundredfold
by manipulation of the regulatory functions. Furthermore,
we illustrate how development, motility, predation, and
secondary metabolite production are linked on the tran-
scriptional level. Contrary to previous knowledge, these
bEBPs act as both activators and inhibitors and are able to
bind as a hetero-oligomeric complex that is, to the best of
our knowledge, unprecedented.
EXPERIMENTAL PROCEDURES
DNA-Protein and Protein-Protein Pull-Down Assays
Both assays are described in Supplemental Experimental Procedures.
Purification of Recombinant HsfA and MXAN4899
Cloning, expression, and purification of recombinant HsfA andMXAN4899 are
described in Supplemental Experimental Procedures.
Labeling of DNA Fragments and Electrophoretic Mobility Shift
Assays
See Supplemental Experimental Procedures.
Inactivation of hsfA—mxan5364
Construction of the hsfA inactivation mutant is described in Supplemental
Experimental Procedures.
Extraction and Quantification of Secondary Metabolites
The complete procedure is described in detail in Supplemental Experimental
Procedures.
Determination of Promotor Activities
In vivo promoter activities of genes of interest in M. xanthus DK1622 and
bEBP inactivation mutants were determined by measuring b-galactosidase
activity of promoter-lacZ fusions using a derivative of the integrative plas-
mid pCK_T7A1_att (Bode et al., 2009). See Supplemental Experimental
Procedures.
Determination of Transcriptional Start Sites
The 50-RACE analysis of transcriptional start sites is described in Supple-
mental Experimental Procedures.
Protein-Protein Interaction Studies
Interaction studies of purified MXAN4899 and HsfA were carried out using
a SR7000 DC Surface Plasmon Resonance System (Reichert). The experi-
ments were performed in triplicates. MXAN4899 (200 mg/ml in 5mM maleic
acid, pH 6.0) was used as the bait ligand whereby 550 mRIU (refractive index
units) MXAN4899 were immobilized on a CMD 500M chip. HsfA and BSA
(Fluka 05480) in SPR buffer (25 mM HEPES [pH 7.3], 200 mM NaCl, 0.5 mM
DTT, 0.001% Triton X-100) were used as the prey analyte or negative control,
respectively. HsfA or BSA was perfused in various concentrations steps from
100 nM to 1.5 mM over the reference channel and over the detection channel
followed by SPR buffer. Binding and dissociation was measured in real time
at 15C. Data analysis was performed using Srubber v2.0a (BioLogic Software
Pty Ltd). Referenced and blanked response units (RU) were scaled by the
analyte’s molecular weight (MW) and are expressed in 100 RU per MW.1458 Chemistry & Biology 19, 1447–1459, November 21, 2012 ª2012SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures, Supplemental Experimental
Procedures, and four tables can be found with this article online at http://dx.
doi.org/10.1016/j.chembiol.2012.09.010.
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